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Abstract
Accommodation and vergence are two ocular motor systems that interact during binocular vision. Independent measurement of the
response dynamics of each system has been achieved by the application of optometers and eye trackers. However, relatively few devices,
typically earlier model optometers, allow the simultaneous assessment of accommodation and vergence. In this study we describe the
development and application of a custom designed high-speed digital photorefractor that allows for rapid measures of accommodation
(up to 75 Hz). In addition the photorefractor was also synchronized with a video-based stereo eye tracker to allow a simultaneous mea-
surement of accommodation and vergence. Analysis of accommodation and vergence could then be conducted oZine. The new instru-
mentation is suitable for investigation of young children and could be potentially used for clinical populations.
© 2006 Published by Elsevier Ltd.
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Ocular accommodation, convergence and miosis are
three motor responses known to constitute the near triad
and their precise interaction during natural viewing condi-
tions allows clear and single binocular vision (Mays &
Gamlin, 1995; Myers & Stark, 1990; Semmlow, 1981).
Although accommodation and vergence responses have
been individually well-studied, relatively few studies have
investigated their response dynamics simultaneously. One
of the main reasons for this is the lack of suitable instru-
mentation. Optometers, haploscopes and eye trackers are
typically constructed to allow the measurement of response
dynamics from one system only (for example accommoda-
tion). Studying accommodation and vergence responses
simultaneously requires synchronization between two indi-
vidual devices (example an eye tracker and an optometer).
However, the linkage is complicated and has a history of
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doi:10.1016/j.visres.2006.10.003being accomplished on only a limited number of purpose
designed devices such as the haploscope-optometer
arrangement (Allen, 1960), the SRI dual Purkinje eye
tracker and optometer (Cornsweet & Crane, 1970, 1973;
Crane & Steele, 1978) and the infrared optometer-eye posi-
tion monitor (Cooper, CiuVreda, & Kruger, 1982).
Although these instruments have successfully measured
accommodation and vergence dynamics in adults their
application in testing young children and clinic populations
can be challenging. To test children it is necessary to
develop instrumentation capable of obtaining rapid mea-
sures, providing straight forward alignment with large
working distances and tolerant for eye or head movements.
For accommodation, photorefractive techniques have been
shown to best suit these criteria (Atkinson, 1993; Bobier,
Braddick, & Atkinson, 1988; Howland & Sayles, 1984,
1987). As they are photographic, alignment is straightfor-
ward and they provide working distances of 75 cm or
greater. Ocular rotations from head tilts can be factored
out by determining the angular extend of the tilt from the
angular declination of the axis joining the Purkinje images
of the two eyes. The technique of photorefraction has also
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human factor applications such as driving (WolVsohn,
Hunt, & Gilmartin, 2002). On the other hand, video-based
eye tracking systems which utilize the diVerence between
the pupil center and the Wrst Purkinje image do not require
head stabilization and have been used successfully to mea-
sure eye movements in children (Irving, Steinbach, Lillakas,
Babu, & Hutchings, 2006; Salman et al., 2006; Tajik-Par-
vinchi, Lillakas, Irving, & Steinbach, 2003) and clinic
patients (Irving, Goltz, & Steinbach, 1997; Irving, Goltz,
Steinbach, & Kraft, 1997; Kraft & Irving, 2004; Kraft,
Quah, & Irving, 2006).
Much information about the neurophysiology of ocular
motor responses can be obtained by studying their dynamic
characteristics. In particular, the main sequence (a plot of
the peak velocity as a function of response amplitude) has
been shown to be an useful tool to understand how physio-
logical responses are generated and also help in diVerentiat-
ing normal and abnormal responses (Bahill, Clark, & Stark,
1975). However, an accurate estimation of response veloc-
ity would require instrumentation capable of obtaining
rapid measures following a change in stimulus demand. In
other words, the speed at which the change in response
position is measured (sampling rate) by the device would be
a critical factor in determining whether the dynamic char-
acteristics of the response (e.g. peak velocity, acceleration)
can be estimated accurately. This idea comes from the
Nyquist theorem which states that to completely represent
the response dynamics it is important that this sampling
rate be at least twice that of the highest frequency present in
the response (Nyquist, 1928).
Most commercial video-based eye trackers provide fast
sampling rates because they are targeted to measure saccadic
eye movements, which reach angular velocities up to 500deg/s.
On the other hand, optometers like the photorefractor, which
measure the accommodative response, have relatively lower
temporal resolutions. An example of this is seen in the Wrst
generation of the commercially available photorefractor
(PowerRefractor, Multichannel systems, Germany). This
instrument has a sampling rate of 25 Hz in the dynamic mode
and uses an analog CCD video camera to acquire video
images (Choi et al., 2000; Gekeler, SchaeVel, Howland, &
Wattam-Bell, 1997). Because of the low sampling, peak
velocity of the accommodative response could not be directly
estimated. Curve Wtting/interpolation techniques were often
employed to reliably estimate the temporal characteristics
(response duration, peak velocity, time constant) of the
accommodative response (Kasthurirangan, Vilupuru, &
Glasser, 2003; Suryakumar & Bobier, 2004).
When the sampling rate is low (example 25 Hz), response
position is scaled over larger time increments (40 ms inter-
vals) and consequently velocity and acceleration proWles
are deWned based on only a few points (samples). The
coarse time resolution results in a lowering of the peak
velocity measure because the ‘true’ measure of the peak
velocity would have occurred in between two samples. To
alleviate this problem faster sampling is required so thatvelocity and acceleration can be described accurately.
Accordingly, in this study, we describe the development of
a high-speed digital photorefractor that samples much
faster than conventional photorefraction devices allowing
the dynamic assessment of accommodative response. In
addition, we have also developed the means to synchronize
this photorefractor with a video-based stereo eye tracker
(El-Mar Eye tracker: model 2020 binocular system; El-Mar
Inc., Ontario, Canada) in order that accommodation and
vergence can be measured simultaneously.
2. Instrumentation
2.1. El-Mar stereo eye tracker
The El-Mar stereo eye tracker (El-Mar Inc., Downsview, Ontario) is a
CCD-based video eye tracking system Wtted with liquid crystal shutter
(LCS) goggles for stereoscopic viewing. The system uses corneal reXection
(from two Purkinje images) and dark pupil tracking to estimate eye posi-
tion at a sampling rate of 120 Hz. Eye position is calculated based on the
relative distance between the pupil center and the corneal Purkinje images
thereby avoiding translation artifacts and the need for head stabilization
devices such as bite bar. The El-Mar eye tracker has a resolution of §0.1°
for a linear range of at least §30 degrees in the horizontal and §25° in the
vertical meridian. Binocular eye position is calculated online (real-time)
and an output of the eye position information is provided separately for
the right and left eye. The eye position responses recorded by this system
have been shown to compare well with results from a magnetic search coil
technique (DiScenna, Das, Zivotofsky, Seidman, & Leigh, 1995).
The El-Mar eye tracker can also be linked to a head tracker to continu-
ously monitor head movements at a sampling rate of 60 Hz (Flock of
Birds Real time Motion tracking, Ascension Technology Corp., USA).
The head tracking device consists of a magnetic receiver that is mounted
on the head set of the eye tracker and a transmitter that is mounted on a
stand and placed just above the receiver. The El-Mar eye tracker is capable
of recording both eye and head position in real time and also allows an
option to switch oV head tracking if necessary. The stereo eye tracker
operated in conjunction with a disparity stimulus generator (DSG), which
provided retinal disparities of diVerent magnitudes.
The DSG and the stereo eye tracker were run by separate computers
and were synchronized via the parallel port. The DSG controlled the type
of stimulus (accommodative or non-accommodative target) that was pre-
sented on the stereo monitor and the eye tracker controlled the onset and
duration of this stimulus. The DSG consisted of a stereo monitor and a
computer. The computer enabled the presentation of a target on the stereo
monitor (Viewsonic P225fb, California, USA) at a vertical refresh rate of
118 Hz. The DSG stereo monitor was synchronized with the LCS goggles
on the stereo eye tracker, such that the images to the right and left eyes
were interleaved at the same refresh rate as the monitor (118 Hz). The
DSG was capable of presenting any type of target (closed loop or open
loop) as a bitmap image at any desired magnitude of disparity. For this
particular study, we chose an open loop target (one-dimensional 0.2 cycles
per degree diVerence of Gaussian). In addition, the onset and duration of
the target presentation at the DSG could be controlled as an input param-
eter at the stereo eye tracker.
2.2. High-speed measures of accommodation
To obtain high-speed measures of accommodation a digital eccentric
photorefractor was custom designed. The infrared light from an array of
light emitting diodes (LED) oVset from the aperture of the camera is
reXected from the eye and captured as a video image. A light reXex is cap-
tured within the pupil whose intensity gradient varies with the degree of
defocus (Bobier & Braddick, 1985; Howland, 1985; Roorda, Campbell, &
Bobier, 1997). The photorefractor consisted of an infrared CCD camera
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system. The camera operated at a sampling rate of 75 Hz allowing digital
images to be captured every 0.0133 s. The camera was connected to a com-
puter through the FireWire 1394 port (Apple Computer Inc. USA). A clus-
ter of infrared LEDs (oriented horizontally) served as the light source and
were set on aluminum housing mounted on the camera aperture. High-
speed digital video was acquired from the IR camera using commercially
available video acquisition software (StreamPix Version 3.13, Norpix Inc.,
Montreal, Canada). The analysis of the video sequence was then per-
formed oZine. The video sequence Wle was Wrst converted into an AVI
video format and then transferred into an image processing software pro-
gram (ImagePro Plus, Media Cybernetics, USA) for brightness proWle
analysis (Fig. 1). The slope of the brightness proWle was calculated by a
custom written macro (AutoPro, Media Cybernetics, USA) for each video
frame and this value was converted into accommodative response by indi-
vidual calibration equations.
2.2.1. Calibration of the high-speed photorefractor
The calibration of the photorefractor is an important step to ensure the
accuracy of the output (SchaeVel, Wilhelm, & Zrenner, 1993; Suryakumar
& Bobier, 2002). Changes in accommodation are determined from changes
of brightness across the horizontal pupil meridian and the calibration pro-
Fig. 1. Photorefractive analysis of accommodation. (A) Shows the typical
brightness proWle across the pupil. The video images were analyzed frame
by frame using an image processing program which placed a horizontal
line across the pupil (B). The brightness gradient across the pupil. The
slope of the brightness proWle was calculated for each frame and then con-
verted to refractive error using a custom calibration equation.cedure deWnes the conversion of this brightness proWle to state of focus
with respect to the camera. The procedure adopted for the calibration of
the high-speed photorefractor was identical to photorefractive calibra-
tions adopted by previous studies (Kasthurirangan et al., 2003; Kasthuri-
rangan & Glasser, 2005; SchaeVel et al., 1993; Suryakumar & Bobier,
2004).
The high-speed photorefractor was calibrated on six subjects (mean
age D 25 § 1.37 yrs). All subjects had a best corrected visual acuity of at
least 6/6 in each eye and normal binocular vision. Refractive errors were
estimated by objective non-cycloplegic retinoscopy and spherical equiva-
lents were found to range from ¡0.25 to +0.75 D. Informed consent for
participation was obtained from all subjects prior to their involvement in
the study. The procedure for calibration was approved by the OYce of
Research Ethics at the University of Waterloo and conducted in accor-
dance with the tenets of the declaration of Helsinki.
During the calibration procedure, each subject viewed a high contrast
accommodative target set at 4 m with one eye (i.e., left eye). An infrared
Wlter (Kodak 87B, IR Wlter, Rochester, NY), which blocked visible light
but transmitted the IR light from the photorefractor was placed in front of
the other eye (right eye). Ophthalmic lenses (in §0.50 D steps up to a range
of §4 D) were placed in front of the right eye (the eye with the Wlter) to
induce refractive error. Intensity proWles through the horizontal pupil
meridian changed linearly as ophthalmic lenses were placed in front of the
eye. The slope of the brightness proWle (Y) through the horizontal merid-
ian for each lens power was calculated and then plotted as a function of
the induced refractive error (X; ophthalmic lenses from 0 to 4 D). The data
were Wt with a linear regression and the equation represented the refraction
equation for that subject.
Fig. 2 shows the calibration data and the refraction equations for all
subjects. The relationship between lens power (X) vs. slope of the bright-
ness proWle (Y) changed linearly for all the subjects. The data were Wt by a
linear regression (R2 values range from 0.97 to 0.99) to provide individual
refraction equations. The results suggest small changes in defocus could be
reliably detected by the photorefractor over a working range of +4 to
¡4 D. The refraction equation was characteristic for each subject and
allowed the conversion of the slope of the brightness proWle across the
pupil to the accommodative response (refractive error along the horizontal
meridian). The steepness of this function suggested that the photorefractor
would be sensitive to 0.25 D step changes. This was tested empirically
where the brightness proWle across the pupil was measured for two
induced defocus levels set at 0 D and ¡0.25 D. Twenty-Wve measures were
obtained at each defocus level and the mean brightness proWle was com-
pared. The results showed that mean slope of the brightness proWle at 0 D
and ¡0.25 D defocus were ¡0.78 § 0.14 and 0.01 § 0.26, respectively.
There was a statistically signiWcant diVerence in the mean slope between 0
and 0.25 D (Student’s t test, p < .0001) suggesting that the photorefractor
was sensitive to detect even small changes (0.25 D) in defocus.
From Fig. 2 it can be seen that the slope of the refraction equation
ranges from ¡0.61 to ¡2.05 for the six subjects. Theoretical simulations
have shown that the slope of the refraction equation can be aVected by
pupil size with increasing pupil size causing the slope to become steeper
(Roorda et al., 1997). Empirical measures taken by SchaeVel et al. (1993)
found that variations in pupil size were best calibrated by determining the
linear regression equation when the slope of the refraction equation is
plotted as a function of average pupil brightness. While such correction
factors have been identiWed to account for changes in pupil size it should
be recognized that the application of the conversion factor has been shown
to have only a marginal improvement in the accuracy if the pupil size mea-
sured during calibration was diVerent compared to the pupil size during
the actual experiment session. In other words, when pupil size changes are
insigniWcant between the calibration session and the experimental session,
the application of the correction factor would not be expected to have a
signiWcant eVect on the accuracy of the response measures.
2.2.2. IdentiWcation of response parameters
Accurate measures of accommodation and vergence require a clear
separation of the response signal from instrument and physiological noise.
Fig. 3 shows a typical example of an accommodative response obtained
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ulus demand of 1 D. Once the accommodative response was obtained from
the photorefractor, a 5-point Fast Fourier Transform (FFT) Wltering com-
bined with an analysis algorithm was used for deWning the temporal
parameters of latency, peak velocity, response duration, peak acceleration,
duration of acceleration. First, the accommodative position responses
were plotted across time. Velocity (D/s) and acceleration (D/s2) were com-
puted by diVerentiating the position response using a two point diVerenti-
ating algorithm. The position response and the diVerentiated velocity and
acceleration proWles were all Wltered using a 5-point (66.6 ms window)
FFT function. This procedure Wltered the high frequency noise and pre-
served the signal components in the response. To conWrm the validity of
the FFT Wltering the dynamic signal-to-noise ratio (SNR) was calculated
using the procedure for noise estimation described by Bharadwaj and
Schor (2005). The results showed that the FFT Wltering maintained a high
SNR of 15:1. Thus it was concluded that the FFT Wltering could be safely
used to analyze the responses.
The start and end co-ordinates of the accommodative response were
then identiWed by a velocity threshold criterion. This criterion is frequently
used in determining the onset and completion of saccadic eye movements
(Fischer, Biscaldi, & Gezeck, 1997; Irving, Goltz, Steinbach, & Kraft,1998) and a similar approach has also been described for the identiWcation
of the onset and end of an accommodative response (Kasthurirangan
et al., 2003; Schor, Lott, Pope, & Graham, 1999). Response onset was
deWned as the Wrst point on the response position where the velocity
exceeded 0.5 D/s and continued to do so for the next 100 ms. The response
also had to be in the right direction. The start points identiWed by this
algorithm were also to visually inspected to ensure accuracy. The magni-
tude of the accommodative response between the start and end co-ordi-
nates deWned the response amplitude. The time diVerence between the start
and end of the accommodative response deWned the movement time. The
deWnitions of other temporal parameters from the accommodative
responses are shown in Fig. 3.
To better illustrate the eVect of sampling, the accommodative
response from Fig. 3 was sampled at two diVerent sampling rates
namely 25 and 75 Hz. Fig. 4 shows the accommodative response posi-
tion, velocity and acceleration which result from these two sampling
rates. Velocity and acceleration were calculated using a two point diVer-
entiation and subsequently Wltered using the FFT function. The same
procedure for determining the temporal parameters was used across the
two sampling rates to maintain consistency. The time of onset and
(magnitude) of peak velocity and peak acceleration for 75 and 25 HzFig. 2. Calibration plots from the high-speed photorefractor for the six subjects. Linear regression equations for all subjects were statistically signiWcant.
The equations were characteristic for each subject and converted the slope of the brightness proWle to refractive error.
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(20.91 D/s2), respectively. These results show that the magnitude of peak
velocity and peak acceleration were underestimated and the time of
onset of peak acceleration was shifted in time when sampling rate was
decreased to 25 Hz (Fig. 4).
2.2.3. Synchronization of the high-speed photorefractor and stereo eye 
tracker
To provide concomitant measures of vergence and accommodation a
linkage between the photorefractor and eye tracker was developed. The
photorefractor and the stereo eye tracker are both video-based devices
using IR light sources. Optical strategies were required in order that the
critical features of the image processing for each system did not conXict
with one another. Such a conXict arose when a linkage was attempted with
the PowerRefractor (Multichannel systems, Germany). The corneal
Purkinje images from the eye tracker and the IR light source from the
Fig. 3. Example of a typical accommodative response to a 1D stimulus
step demand and its associated velocity and acceleration proWle. RO and
RE indicate the response onset and response end, respectively. The tempo-
ral parameters measured from the velocity (middle) and acceleration
(bottom) proWles are identiWed. PV and TTPV refer to the peak velocity
(D/s) and the time to peak velocity (ms), respectively. For the acceleration
proWle (bottom), PAC and DAC indicate the peak acceleration (D/s2) and
duration of acceleration (ms), respectively.PowerRefractor were both oriented in the vertical meridian and this
caused the video detection algorithm of the PowerRefractor to fail. This
problem was circumvented in the new photorefractor by orienting the
light sources horizontally. Therefore the brightness proWles could be calcu-
lated independently along the horizontal meridian while vergence position
was determined along an orthogonal meridian by the stereo eye tracker.
To synchronize the photorefractor and the eye tracker a synchroniza-
tion box was designed to copy the signals originating from the eye tracker
and relay it to the DSG/stereo monitor and the photorefractor (Fig. 5).
The computer controlling the photorefractor detected this signal and
marked its onset on the photorefractor video interface. During a typical
experiment, the subject wore the head mounted stereo eye tracker and
watched the stereo monitor set at a distance of 1.3 m. The subjects were
instructed that a stimulus would appear at any time on the stereo monitor
and were asked to maintain Wxation on the target once it was displayed.
The high-speed photorefractor was placed at 1 m which was between the
subject and the stereo monitor. Video images were then captured through
the LCS goggles of the eye tracker. Since the LED light sources of the eye
tracker were lit by an AC power source, the temporal resolution of the
photorefractor was set to 60 Hz to avoid Xicker.
During the experiment, the eye tracker generated a signal, the disparity
stimulus, which was sent directly to the synchronization box. This box copied
the signal and then relayed it to the DSG/stereo monitor and the high-speed
photorefractor. The DSG/stereo monitor presented the disparity stimulus on
reception of the signal from the synchronization box. Simultaneously, a cus-
tom written software plug-in (Eye Catcher, StreamPix, Norpix Inc., Mon-
treal, Canada) placed within the photorefractor detected the incoming signal
through an input/output control (NI6503-PCI, National Instruments Inc.,
USA) and marked it on the video interface during the recording along with
the time stamp information (Fig. 6). Thus information that initially origi-
nated from the eye tracker was copied and marked on both the DSG/stereo
monitor and the high-speed photorefractor. It should be noted that, in order
to facilitate the copy and transfer of information from the synchronization
box to the photorefractor and the DSG/stereo monitor, a ‘duration enhancer’
was built into the synchronization box, which maintained the duration of
incoming signal for at least three frames (0.05 s). During this time the syn-
chronization between the stereo eye tracker, DSG/stereo monitor and the
photorefractor was accomplished. It was necessary to maintain the signal
transmission for duration of three frames because the software plug-in (Eye
Catcher) within the photorefractor required this time to reliably record infor-
mation coming from the synchronization box and mark the information on
the photorefractor video interface along with the time stamp.
The synchronization information on the high-speed photorefractor
was displayed in the format shown in Fig. 6A. The time stamp information
appeared on each frame of the video Wle that provided the time coordi-
nates for the accommodative response. Whenever, a disparity stimulus was
detected by the photorefractor, two special characters (an asterisk and
either a letter B or C) were added to the time stamp information. While the
asterisk (¤) indicated that the photorefractor received a signal sent by the
eye tracker, the character (B or C) indicated the status of the crossed dis-
parity signal (ON or OFF).
After an experimental session, the accommodation and vergence
responses were analyzed separately and then combined based on the time
stamp information of the disparity stimulus. For the accommodative
responses, the video images from the photorefractor were analyzed frame
by frame. An area of interest (Fig. 6B) was separated and an image pro-
cessing algorithm (Image Pro Plus, Media Cybernetics, USA) was used to
calculate the slope of the horizontal brightness proWle across the pupil.
This information was then converted to diopters of accommodation using
the calibration equations of the photorefractor (Fig. 6C). The eye tracker
provided information about right and left eye positions, which were sub-
tracted to give the vergence response as a function of time. The eye tracker
also provided the time stamp information of the onset (and completion) of
the disparity stimulus.
The accommodative response from the high-speed photorefractor was
matched with the corresponding vergence response based upon the onset
and end times of the disparity stimulus demand. Fig. 7 shows a typical exam-
ple of vergence and accommodative responses following the onset of a 4°
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eye tracker have been analyzed separately and combined in this plot based
on the onset of the crossed disparity stimulus (Fig. 7). Although the sam-
pling rate of the accommodation measures obtained by the high-speed pho-
torefractor is reduced to 60 Hz when used in conjunction with the stereo eye
tracker it is still more than 2£ higher than commercially available photore-
fraction devices which sample at a much lower frequency (PowerRefractor
(25 Hz), Multichannel systems, Germany, PowerRef II (12.5 Hz), PlusOptix,
Germany). To conWrm that the decrease in sampling rate did not signiW-
cantly aVect the velocity and acceleration estimate, the accommodative
response in Fig. 4 was resampled at 60 Hz to determine peak velocity and
peak acceleration. The results conWrmed that the decrease in the sampling
rate from 75 to 60 Hz only caused a small diVerence in the estimate of the
peak velocity and peak acceleration (peak velocity (75, 60 Hz) D 3.81, 3.45 D/
s; peak acceleration (75, 60 Hz) D 31.58, 30.38 D/s2), respectively. This
resulted in a diVerence of 0.36 D/s for velocity and 1.2 D/s2 for acceleration.
These diVerences were minimal and the bias in peak velocity was well below
the threshold velocity of accommodation (0.5 D/s) (Schor et al., 1999) used
in the criteria for the detection for the start and end of an accommodative
response. Peak velocity at 60 Hz was approximately 91% of the maximum
velocity while peak acceleration was 96.2% of the value at 75 Hz.
3. Discussion
3.1. EVect of sampling
By designing a video-based eccentric photorefractor and
linking it with an existing stereo eye tracker we have devel-
oped new instrumentation that provides for high-speed
photorefraction measures of accommodation whether
driven by retinal blur or disparity. The development of the
photorefractor provided a better resolution of accommoda-
tive state. The faster sampling improved the accuracy of the
resulting Wrst and second order dynamics. The results of
our analysis from Fig. 3 have shown that peak velocity and
peak acceleration occur early on in the response. The
importance of this increase in sampling rate was also illus-
trated in Fig. 4. When sampling decreases to 25 Hz, fewer
samples deWned the velocity proWles making it more
rounded and this resulted in a lower velocity estimate. Peak
velocity was underestimated by 24% when sampled at
25 Hz. At higher sampling rates, accommodative responses
were scaled at smaller intervals allowing the frequency of
the signal to be preserved. Hence peak velocity was reliably
estimated. The same reasoning applied for acceleration.
Peak acceleration was signiWcantly under-estimated
(approximately 34%) and the time of peak acceleration was
shifted at the 25 Hz sampling rate (Fig. 4C). Hence, faster
sampling is essential to provide a valid and accurate output
of the dynamics parameters.
Fig. 4. Filtered accommodative responses (position, velocity and accelera-
tion) shown for the two diVerent sampling rates (25 and 75 Hz). (A)
Accommodative response position recorded at two diVerent sampling
rates (25 and 75 Hz). (B) Velocity proWles of the accommodative response
position for the two sampling rates. The magnitude of the peak velocity is
indicated for each plot. It is apparent that the peak velocity is lower when
sampled at 25 Hz compared to 75 Hz. (C) Acceleration proWles for the two
sampling rates. Note that the magnitude of peak acceleration is lower for
25 Hz compared to 75 Hz sampling. Also, the onset of peak acceleration is
shifted in time for the 25 Hz sampling rate compared with 75 Hz.
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the choice of analysis routine that is used for the estimation
of the temporal parameters. Some of the previous investiga-tions (Kasthurirangan et al., 2003; Kasthurirangan & Glas-
ser, 2005) have used the PowerRefractor (Multichannel
systems, Germany) at a sampling rate of 25 Hz to measureFig. 5. Synchronization of the stereo eye tracker (ET), disparity stimulus generator (DSG) and the photorefractor (PR). The stereo eye tracker generates a sig-
nal (S1) that is sent through the parallel port of its computer to the synchronization box (SB). The signal is then copied and sent as S2 and S3 to the DSG ste-
reo monitor (SM) and the photorefractor (PR), respectively. Once the signal is received by the DSG, the stimulus changes to the diVerence of Gaussian target.
The photorefractor also marks the onset of this signal (S3) on its video interface. The whole process gets repeated during the next stimulus onset. The signal Wle
(S1) has the information about type of disparity (crossed or uncrossed) that will be presented on the stereo monitor and its exact time of onset.Fig. 6. Analysis of accommodative responses through the LCS goggles of the eye tracker showing the Wrst frame at the onset of a crossed disparity
demand. (A) Screen shot of the video recording by the photorefractor. The resolution of the image was 332 ¤ 92 pixels. The video was recorded at a sam-
pling rate of 60 Hz. The bottom right corner displays the time stamp information of the disparity stimulus. For this example it represents the onset of the
crossed disparity target. (B) During the analysis, an area of interest (AOI) was separated from the rest of the image showing and a line proWle of the grey
scale pixel brightness was obtained. (C) The plot of the brightness proWle showing a positive slope of increasing pixel brightness across the pupil from left
to right. The calibration equation of the photorefractor converted the slope of the brightness proWle to accommodative response.
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exponential functions. The exponential function used by
Kasthurirangan et al. (2003) provided three parameters
namely amplitude, time constant and peak velocity. While
amplitude and time constants were directly available from
the Wtted function, peak velocity was mathematically
deWned as the Wrst value of the derivative. However, it has
been suggested that exponential functions only provide a
Wrst order approximation of the accommodative responses
(Shirachi et al., 1978) and that higher order dynamics need
to be measured to provide a complete understanding of the
response dynamics (Bharadwaj & Schor, 2005). The expo-
nential Wt starts abruptly and predicts that the accommoda-
tive response starts oV with maximum velocity—a situation
that is not physiologically possible. On the other hand, the
analysis used in this study described the response position
as a smooth increase and it also allowed an accurate esti-
mation of velocity and acceleration dynamics. Based on the
results it was possible to estimate the onset of peak velocity
at the Wrst 1/3rd of the total response duration ( Fig. 3). The
FFT Wltering procedure allowed for an accurate estimate of
the temporal parameters by optimizing the signal to noise
ratio and reducing inappropriate frequencies in the signal.
The high SNR (15:1) shows that temporal parameters can
be accurately estimated using this routine.
3.1.1. Simultaneous measurement of accommodation and 
vergence
One of the important developments in the instrumenta-
tion was the ability to obtain simultaneous measures of
accommodation and vergence. The results of this studyhave demonstrated the eVective synchronization of the
photorefractor and stereo eye tracker, allowing for the
simultaneous measurement of two ocular motor systems.
To our knowledge, this is the Wrst time such a type of syn-
chronization has been achieved in a video-based system. By
adjusting the orientation of the light source and developing
a synchronization design it was possible to extend the ver-
satility of the individual instruments. The methodology
described in this paper can be eVectively utilized in future to
combine such instrumentation allowing the beneWt of
simultaneous measures from two ocular motor systems.
The video-based nature of the devices provides a broad
range of opportunities especially with testing young
children. The El-Mar 2020 eye tracker (Salman et al., 2006;
Salman, Sharpe, Lillakas, Dennis, & Steinbach, 2005; Tajik-
Parvinchi et al., 2003) and the photorefractor (Bobier,
Guinta, Kurtz, & Howland, 2000; Suryakumar & Bobier,
2004) have been used individually in children and hence the
eVective application of these devices together allows more
versatility in the estimation of the response dynamics. This
would ultimately help in understanding the complex inter-
actions between accommodation and vergence systems. It
should be noted that the high speed photorefractor
described in this study deWnitely has room for improve-
ment. The few technical steps described in this study for the
analysis of the video images from the photorefractor could
be automated to increase the eYciency of the analysis. In
this context, it may not possible to apply this technique at
this point as a clinical device. However, the techniques
described in this paper should act as a precursor for a
future clinical instrument.Fig. 7. Simultaneous responses of disparity vergence (open squares) and vergence–accommodation (Wlled circles) measured by the stereo eye tracker and
high-speed photorefractor. The stimulus demand (dashed vertical line) is a step input of 4° presented as a crossed retinal disparity. The solid line indicates
the 5-point FFT smoothing of the accommodation and vergence position responses. DiVerences in the sampling between the stereo eye tracker (120 Hz)
and the photorefractor (60 Hz) can be seen.
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